This study was undertaken to measure the effects of serotonin administration on local cerebral blood flow following blood -brain barrier (BBB) disruption with hypertonic urea, Rats were anesthetized with halo thane in nitrous oxide and oxygen (70%:30%). In some animals urea (3.5 M) was infused retrogradely through an external carotid catheter, followed after 10 min by serotonin (50 ng kg-I min -I) or physiological saline. Local cerebral blood flow was measured using the 14C-iodo antipyrine quantitative autoradiographic technique of Sakurada et al. (1978) . The administration of saline or Abbreviations used: AlB, I4C-Aminoisobutyric acid; BBB, blood -brain barrier.
A major problem involved in the study of the ef fects of serotonin on cerebral blood flow is the rela tive impermeability of the blood -brain barrier (BBB) to this monoamine, which is enhanced by the ability of the endothelial cells of the cerebral vessels to catabolize serotonin (Hardebo et aI., 1979; Har debo and Owman, 1980) . One method of circumventing this problem is the intracarotid infusion of hypertonic solutions, such as urea, to disrupt the BBB and increase the entry of exogenously administered substances when they enter the brain along their concentration gradients. Using this method, Harper and MacKenzie (1977a) reported that the intracarotid administration of serotonin (0.1 J.Lg kg-I min-I) to baboons anes thetized with phencyclidine led to a marked reduc tion in hemispheric cerebral blood flow and oxygen consumption.
In this study, we have measured the effects of intracarotid administration of serotonin (50 ng kg-I min-I) on blood flow in anatomically discrete areas of the rat brain before and after urea infusion, using the 14C-iodoantipyrine quantitative autoradio graphic method as described by Sakurada et al. (1978) . The extent of localized BBB permeability caused by urea infusion was also measured in a sep arate group of rats, using the 14C-aminoisobutyric acid (AlB) autoradiographic technique of Blasberg et al. (1980) .
METHODS AND MATERIALS

Animal preparation
The study was carried out using 28 Sprague-Dawley rats (300-400 g). Anesthesia was induced with 5% halothane in a mixture of nitrous oxide and oxygen (70%:30%). A tracheotomy was performed and anesthesia was maintained by mechanical ventilation with 0.4% halothane in the same gas mixture. Both femoral ar teries and veins were cannulated. An incision was made in the neck to expose the right common and external ca rotid arteries. A heparinized catheter was inserted into the external carotid artery and advanced until it lay at the bifurcation of the internal and external carotid arteries, so that substances injected into the catheter mixed with the blood entering the internal carotid artery. Following this, the rat was heparinized with 750 IU/kg heparin in 0.5 ml saline, administered intravenously. Arterial blood pres sure, Pe0 2 , Po 2 , pH, and core body temperature were monitored.
Measurement of local cerebral blood flow and gross BBB permeability
In 20 rats, Evans blue (2% w:v, in saline) was injected intravenously (3 ml!kg), mixed with 0.5 ml of blood.
Thirty minutes later, 0.5 ml 3.2 M urea was infused into the carotid catheter at a rate of 17 J.Ll!s. After another 10 min, either 50 ng kg-I min-I of serotonin or the same 1.1. GROME AND A. M. HARPER amount of physiological saline was infused into the same catheter at a rate of 47 ILl/min for 5 min. All solutions were warmed to a temperature of 37°C. Five minutes later, 40 ILCi of 14C-iodoantipyrine (dissolved in 1.5 ml saline) was administered intravenously at a logarithmically increased infusion rate over 30 s, using a Harvard infusion pump. During this time, 18 arterial blood samples, approxi mately 20 ILl in volume each, were obtained from a free flowing catheter in pre-weighed filter discs. The timing of each sample and the decapitation at 30 s were measured precisely.
Following decapitation, the brain was removed within approximately 2.5 min and frozen in isopentane (-47°C). Twenty-micron sections were cut on a cryostat at a tem perature of between -22 and -24°C. During this proce dure, the extent of Evans blue extravasation was ob served and noted. The filter discs were re-weighed and the concentration of 14C in each blood sample was ascer tained by liquid scintillation analysis.
The sections were mounted on cover slips, dried within a few seconds, and placed in an array with calibrated plastic standards (44-1178 nCi/g) against X-ray plates (Kodak SB-5) for at least 9 days. The optical densities of 36 discrete areas of the rat brain were determined, using a computer-based densitometer system (Quantimet; Cam bridge Instruments, U.K.). Using this data, and making comparisons with the optical densities of the plastic stan dards and the arterial blood 14C levels, the cerebral blood flow of each region was calculated using the operational equation derived by Kety (1960) and developed for this technique by Sakurada et al. (1978) .
Measurement of local BBB permeability
Eight rats were prepared as described above. Urea, at the same volume, rate, and concentration, was infused into the carotid catheter. After 15 min, 50 ILCi I4C_ aminoisobutyric acid (AlB) was administered intrave nously. During the 25 min following AIB administration, 14 50-ILl blood samples were taken in heparinized tubes, which were then centrifuged to allow 20-ILI plasma sam ples to be taken for the measurement of 14C concentration by liquid scintillation analysis.
Following decapitation, autoradiographs were prepared as described above, with the exception that the sections were left in contact with the X-ray plates for 14 days. Optical densities from 20 areas were obtained using the same densitometric procedure, and permeability was cal culated using the equation derived by Blasberg et al. (1980) .
Statistical analysis
The data obtained from these experiments were analyzed by Student's t test for paired comparison when comparing bilateral cerebral structures within a group of animals, and by ANOVA and Scheffe test for multi-group analysis. The latter is a highly conservative analysis of data, for which the level of significance was set at p < 0.05 (Scheffe, 1959) .
RESULTS
Blood pressure effects of urea administration
There were no significant differences in Pco2, Po2, pH, core body temperature, or mean arterial blood pressure at the time of study between any of the groups of animals (Table 1) . There was a steep, transient increase in mean arterial pressure of 39 ± 8 mm Hg (mean ± SEM) immediately following the cessation of the urea infusion. Within 2 -3 min of this, the rats displayed a small, relative hypoten sion. However, the blood pressure returned to pre-administration levels and was stable at the time of study.
Effects of intracarotid administration of saline
In control studies, the intracarotid infusion of saline produced minimal effects on local cerebral blood flow in all the areas measured. There was no evidence of Evans blue extravasation in any of these animals, nor was there any evidence of in creased BBB permeability in any of the areas mea sured by the 14e-AIB method following saline ad ministration alone ( Table 2) .
Effects of intracarotid administration of urea
In the rats which had been administered 3. 2 M urea, Evans blue extravasation was clearly visible on inspection of the frozen sections. However, all the structures measured displayed only minimal changes in local cerebral blood flow. None of these was significantly different when compared to the saline controls (Table 3) . This is in contrast to the effects of urea administration on BBB permeability. Data are presented as means ± SEM. No significant differences were found between any of the groups using ANOVA and Scheffe test. Table 2 shows that there is a wide vanatlOn in AIB uptake of between 0 and 159% ipsilateral to the urea infusion, compared to saline control values.
Areas such as the medulla oblongata and cere bellum vermis, which do not receive blood from the internal carotid arteries, were unaffected by the in fusion of the hypertonic solution. However, brain regions that are supplied by the internal carotid ar tery, such as the auditory cortex and hippocampus, displayed a marked increase in the uptake of AIB of 134 ± 10% and 159 ± 18%, compared with the noninfused side. These increases in local BBB per meability could be visualized as intense increases in optical density within each structure.
Brain regions such as the cerebellar hemispheres, thalamus and hypothalamus showed some minor BBB disruption in one out of five rats administered urea.
Effects of the intracarotid administration of serotonin
There was no evidence of Evans blue extravasa tion following serotonin administration alone. Sim-ilarly, in the majority of structures, the percentage side-to-side changes in local cerebral blood flow were small and of a similar magnitude to those ob tained with saline administration. However, the sensory-motor cortex and caudate nucleus were shown to have blood flow values 12 ± 4% and 31 ± 4% lower than the side contralateral to serotonin infusion. Only the latter structure was found to be significantly different from saline control values (p < 0. 05).
Effects of serotonin fo llowing urea infusion
In areas of the rat brain that are not supplied by blood from the internal carotid artery (thalamic nu clei and cerebellar nuclei, for example) the admin istration of serotonin following urea produced minimal effects on regional blood flow. There are exceptions to this, namely, the cerebellar hemi spheres and dorsal raphe nucleus, which both have increased blood flow compared to the saline con trols.
The brain regions known to be wholly or partially supplied by blood from the internal carotid artery 1. 1. GROME AND A. M. HARPER showed side-to-side differences of between -10 and -39%. All the cortical areas measured, with the excephon ot \.ne an\.eT\OT c\ngu\a\.e COT\.eA, �noweu a significant fall in blood flow on the side ipsilateral to the infusion of serotonin and urea. When these changes in blood flow were com pared to results in control rats which had been ad ministered saline, it was found that only the frontal and posterior cingulate cortical blood flows were not significantly different. Two of the regions, con tralateral to the infusion of urea and serotonin, had significantly higher blood flows than did the saline controls. These were the visual cortex and auditory cortex.
The subcortical forebrain areas also displayed changes in blood flow following BBB disruption and serotonin administration. The hippocampus, den tate gyrus, and caudate nucleus all showed de creases in local perfusion ipsilateral to drug admin istration, compared to saline control values. These three structures also showed increases in contralat eral blood flow, compared to the saline control groups. Similarly, diencephalic areas such as the medial and lateral geniculate bodies had decreased blood flow ipsilateral to urea and serotonin infusion, compared to saline controls. The one area of the mesencephalon to be affected by serotonin in com bination with BBB disruption, the superior col liculus, also displayed a decreased level of perfu sion, compared to saline control values.
None of the white matter fiber tract areas mea sured showed any significant changes in cerebral blood flow, either ipsilateral or contralateral, fol lowing urea and serotonin infusions.
DISCUSSION
It was found that the use of Evans blue gave only a crude indication of the localization and extent of increased BBB permeability. For this reason, the results were given only in terms of the presence or absence of Evans blue extravasation. The use of AlB provided a much more precise measurement of BBB disruption. An amino acid analogue, AlB is unable to traverse the intact BBB at a significant rate. However, following BBB opening, AlB passes freely along its concentration gradient, is avidly taken up by the neuropil, and is trapped intracelIu larly, which provides a sensitive method by which the unidirectional entry of this low molecular weight substance (MW, 103) can be measured. The values obtained (range, 2.7 to 3. 5 S-I x 10-5) from control .T each Blood Flow Metahol, Vol. 3, No. I, 1983 rats that had been administered 0,5 ml saline over 30 s were similar to those published by Blasberg \.\ �'&\)). l:n\� 'Io\ume an.u \:a\e I.)� \n.�U"'\I.)n. 1.)\ ",a\'m� I:\\.I:\ not produce increased BBB permeability, which is in contrast to the evidence presented by Hardebo and Owman (1980) and which suggests that signifi cant opening of the BBB may be produced by an intracarotid bolus of saline or the rat's own blood.
In the present study, the rate of infusion and vol ume of urea used were considerably less than those reported elsewhere in the literature (Rapoport et aI., 1978; Pappius et aI., 1979) . As detailed in the Meth ods section, 0.5 ml 3. 2 M urea was given over 30 s and was found to produce significant and highly localized changes in BBB permeability, as mea sured by the AlB technique.
The concentration of urea used did not, however, produce significant changes in regional cerebral blood flow. Pappius et al. (1979) found decreases in cerebral blood flow on the order of 25-65% fol lowing BBB disruption. The obvious quantitative difference between their data and our own may partly be due to the considerably greater rate of infusion (2.49 ml 1.4 M mannitol in 30 s) used by these investigators.
The effects on cerebral blood flow induced by the perfusion of serotonin into the internal carotid ar tery have previously been investigated in baboon and man (Harper and MacKenzie, 1977a; Men delow et aI., 1977; Eidelman et aI., 1978; Olesen, 1981) . The cerebral blood flow data presented in this paper are in general agreement with these studies. With the exception of the caudate nucleus, serotonin did not significantly change cerebral blood flow when the BBB was intact.
In general, the areas of the brain that showed a marked increase in BBB permeability, as measured by AlB uptake following urea administration, also displayed decreases in cerebral blood flow. This de creased level of perfusion produced by serotonin following BBB disruption can be thought of as a logical progression from results of previous work carried out in this and other laboratories.
It does not, however, explain the definite in creases in both cerebellar hemispheres, in the dor sal raphe nucleus, and in some areas contralateral to the infusion of urea and serotonin. These areas would not be expected to receive blood from the internal carotid artery (Yamori et aI., 1976) . This would make a direct dilatatory action of serotonin on the cerebral blood vessels, as demonstrated on pial vessels by Harper and MacKenzie (1977b) , seem unlikely. An alternative mechanism for the data presented might be an action by serotonin on the metabolic activity of those areas of neuropil to which it gains access following BBB disruption, since serotonin has been shown to reduce the cere bral metabolic rate for oxygen in the baboon fol lowing urea administration (Harper and MacKen zie, 1977a) .
The distribution of central serotoninergic fibers and receptors has been extensively mapped (among others, Chan-Palay, 1977; Scott Young and Kuhar, 1980; Steinbusch, 1981) . All forebrain cortical areas receive serotoninergic fibers arising from the hind brain raphe nuclei, although the anterior cingulate cortex has only a sparse distribution of terminals. The caudate nucleus and hippocampal areas are heavily innervated by serotoninergic fibers. These areas all show decreased cerebral blood flow and increased BBB permeability following urea and serotonin infusion.
The superior colliculus and the medial and lateral geniculate bodies, which displayed nonsignificant increases in BBB permeability of between 45 and 47% and significant decreases in blood flow, are richly populated with serotoninergic fibers and re ceptors (Scott Young and Kuhar, 1980; Steinbusch, 1981) . It is possible that the functional activity of these areas was decreased by serotonin following BBB disruption, leading to a decrease in cerebral blood flow in each region. Alternatively, such a change in function might be secondary to the effects produced on the cortical structures to which they are connected, i.e., visual and auditory cortices ( Table 3) .
This contrasts with the hindbrain structures in which the combination of urea and serotonin pro duced increases in blood flow. The cerebellar hemi spheres have only a sparse serotoninergic fiber and receptor popUlation. The dorsal raphe nucleus has a high concentration of serotonin-containing cell bodies (Chan-Palay, 1977; Steinbusch, 1981) . It is difficult to explain fully why these regions, and the contralateral areas in which there was an increase in cerebral blood flow following urea and serotonin, should be affected in this way. It can be seen, how ever, that if the decreases in cortical perfusion are secondary to decreased functional activity, this could be envisioned to have widespread effects on local cerebral blood flow and function in other brain regions. The verification of this hypothesis will re quire further study.
In conclusion, this study has shown that infused serotonin cannot produce significant changes in local cerebral blood flow unless it is given access to the brain by the disruption of the blood -brain bar rier. Under these circumstances, serotonin pro duces complex changes in local perfusion in the rat brain.
